The merger of two white dwarfs (WDs) has for many years not been considered as the favoured model for the progenitor system of type Ia supernovae (SNe Ia). But recent years have seen a change of opinion as a number of studies, both observational and theoretical, have concluded that they should contribute significantly to the observed type Ia supernova rate. In this paper, we study the ignition and propagation of detonation through post-merger remnants and we follow the resulting nucleosynthesis up to the point where a homologous expansion is reached. In our study we cover the entire range of WD masses and compositions. For the emergence of a detonation we study three different setups. The first two are guided by the merger remnants from our earlier simulations (Dan et al. 2014) , while for the third one the ignitions were set by placing hotspots with properties determined by spatially resolved calculations taken from the literature. There are some caveats to our approach which we investigate. We carefully compare the nucleosynthetic yields of successful explosions with SN Ia observations. Only three of our models are consistent with all the imposed constraints and potentially lead to a standard type Ia event. The first one, a 0.45 M helium (He) + 0.9 M carbon-oxygen (CO) WD system produces a subluminous, SN 1991bg-like event while the other two, a 0.45 M He + 1.1 M oxygenneon (ONe) WD system and a 1.05 + 1.05 M system with two CO WDs, are good candidates for common SNe Ia.
INTRODUCTION
Thermonuclear supernovae have long been used as cosmological distance indicators. By comparing brightness and redshifts of distant and nearby SNe Ia, it appears that the rate of expansion of the universe is increasing (Riess et al. 1998; Perlmutter et al. 1998 ). However, their stellar progenitors have so far remained elusive. There is a consensus that the exploding star is a WD made primarily of CO that has a binary companion which donates mass, but the identity of the companion and the exact nature of the explosion mechanism have remained unclear (Maoz et al. 2014) . Traditionally, three main scenarios have been proposed to explain the bulk of SNe Ia (for reviews, see Hillebrandt Maoz et al. 2014 ). In the so-called "single degenerate" E-mail: marius.dan@hs.uni-hamburg.de scenario, the CO WD accretes matter from a main sequence, a sub-giant or a red-giant star up to near the Chandrasekhar mass limit, when carbon ignition near the center, followed by a deflagration and later a transition to a detonation, produces a SN Ia-like event (Whelan & Iben 1973; Nomoto 1982b) . In the "sub-Chandrasekhar" scenario, the CO WD is ignited before it reaches the Chandrasekhar mass (Nomoto 1982a; Livne 1990; Woosley & Weaver 1994; Livne & Arnett 1995; García-Senz et al. 1999; Fink et al. 2007; Guillochon et al. 2010; Sim et al. 2010; Woosley & Kasen 2011; Sim et al. 2012; Dan et al. 2012; Moll & Woosley 2013) . In this scenario, a first detonation occurs in the accreted helium material. The resulting shock waves are propagating through the core and may trigger a second detonation close to the interface between the core and the envelope (also known as edgelit detonation model) or close to the core's centre, where the compressional waves converge (Seitenzahl et al. 2009; Shen & Bildsten 2014 ). The second detonation would disrupt the central remnant completely and produce a SN Ia-like event.
If only the He shell detonates this could produce a roughly ten times fainter SN Ia, sometimes referred to as SNe "point" Ia (Bildsten et al. 2007; Shen & Bildsten 2009; Waldman et al. 2011; Holcomb et al. 2013) . The "double degenerate" model involves two CO WDs in a close binary system being drawn together as they lose angular momentum by radiating gravitational waves that eventually merges (Iben & Tutukov 1984; Webbink 1984) . A thermonuclear explosion could be ignited at different stages of the WD-WD binary evolution, either during mass transfer (Guillochon et al. 2010; Pakmor et al. 2013) , during the merger Raskin et al. 2012; Pakmor et al. 2012; Dan et al. 2012; Moll & Woosley 2013; Sato et al. 2015) or after the merger, in the remnant phase (Dan et al. 2014; Raskin et al. 2014; Kashyap et al. 2015; Sato et al. 2015) . Another scenario that could contribute by more than 20% (Tsebrenko & Soker 2015) to the SN Ia rate is the "core-degenerate" scenario where the WD merges with the core of an asymptotic giant branch star (Livio & Riess 2003; Kashi & Soker 2011) . These scenarios are meant to explain the bulk of SNe Ia. They may be complemented by rarer channels that trigger thermonuclear explosions in WDs that occur under less common initial conditions. For example, also the compression by the tidal field of a moderately massive black hole may cause a type Ia-like thermonuclear explosion (Luminet & Pichon 1989; Rosswog et al. 2009b ), or, collisions of WDs as they occur in globular cluster cores can produce strong thermonuclear explosions (Rosswog et al. 2009a; Raskin et al. 2009; Kushnir et al. 2013) . While the former would typically cause very peculiar events, the latter case produces for the most common WDs around 0.6 M explosions signatures that are similar to typical type Ia events (Rosswog et al. 2009a ). Both types of events, however, are most likely too rare to explain the bulk of type Ia events.
The present study will focus on the post-merger remnant phase. The merger remnants show a similar thermodynamic and rotational structure: a cold, isothermal core surrounded by a hot, pressure supported envelope, a rotationally supported disk and a tidal tail (e.g., Guerrero et al. 2004; Yoon et al. 2007; Zhu et al. 2013; Dan et al. 2014) . It is inside the hot envelope region of the remnant where the nuclear combustible (helium and, maybe, carbon/oxygen for the most massive WD mergers) may undergo a thermonuclear runaway and a detonation. From the moment when a detonation is ignited, the evolution is very similar to the sub-Chandrasekhar model.
In Dan et al. (2014) we had investigated possible detonations from WD merger remnants by comparing local dynamical and nuclear burning time scales. Dynamical burning, however, is a necessary but not sufficient criterion for the initiation of a detonation (e.g., Holcomb et al. 2013; Shen & Moore 2014) . Therefore, we extend our previous work here with reactive hydrodynamics calculations for a variety of merger remnants. We map nine 3D WD-WD merger remnants representative for the entire WD merger parameter space study of Dan et al. (2014) onto a 2D axisymmetric cylindrical geometry and evolve them with the grid-based code FLASH (Fryxell et al. 2000) .
In this study, we expand the previous studies in several ways. Previous multidimensional calculations have started from the initial conditions constructed from spherical symmetric hydrostatic equilibrium models (e.g., Fink et al. 2007; Sim et al. 2012) or from the results of spherically symmetric accretion models (e.g., Moll & Woosley 2013 ), while our calculations are starting from realistic WD-WD binary mergers initial conditions taken from the 3D SPH calculations of Dan et al. (2014) . Moreover, all previous studies have neglected the angular momentum while in our in models the merger product rotationally supported. If the core detonation is triggered, the rotation together with the presence of the disk can influence the morphology of the ejecta. We carry three sets of tests for each of the nine systems:
• In the first set of tests, we investigate whether the WD remnants could lead to detonations shortly after the restart of the simulations with FLASH.
• For the second set of tests, we manually setup hotspots according with several criteria guided by the 3D SPH simulations. The reason behind this set of tests is that after the mapping onto the grid, the hotspots in the envelope are smoothed out, affecting the thermal evolution. Chemical compositions are also influenced, especially inside chemically mixed regions. For the successful detonations, we also test the impact of different temperature and chemical profiles inside hotspots.
• In a third set of calculations, we asume ad hoc initial conditions in the hotspots following the critical conditions for a spontaneous initiation of a detonation from the spatially resolved 1D calculations of Holcomb et al. (2013) ; Shen & Moore (2014) for He composition and Röpke et al. (2007) ; Seitenzahl et al. (2009) for CO. This paper is organized as follows. In Section 2 we briefly describe our numerical methods and the initial conditions. In Section 3 we present our results in detail, with a focus on the final nucleosynthetic yields and remnant structure for the successfully detonating systems. In Section 4 we summarise our results.
NUMERICAL METHODS
To evolve the WD merger remnants, we are using the Adaptive Mesh Refinement (AMR) FLASH application framework (version 4.2) (http://flash.uchicago.edu) developed by the University of Chicago (Fryxell et al. 2000) .
We use the directionally unsplit hydrodynamics solver for the Euler equations for the compressible gas dynamics, the PARAMESH library (MacNeice et al. 2000) to manage the block-structured, oct-tree adaptive grid, a multipole solver (Couch et al. 2013 ) to calculate the self-gravity of the flow and the Helmholtz equation of state (Timmes & Swesty 2000) to approximate the thermodynamic properties of the matter. To calculate the abundance changes and the nuclear energy release, a 13 isotope α−chain plus heavy ion nuclear reaction network ("aprox13"; Timmes 1999 (Timmes 1999) . As suggested by Fryxell et al. (1989) ; Papatheodore & Messer (2014) , nuclear burning was suppressed inside the numerically broadened shocks in order to ensure correct detonation speeds and associated quantities. In order to ensure the coupling between the hydrodynamics and burning, we are using a burning timestep limiter (Hawley et al. 2012 ; Kashyap et al. 2015) . The burn-ing timestep is set such that within a given timestep the burning energy contribution to the internal energy of a grid cell does not exceed a fraction of f < 1. For all our calculations, we have used f = 0.5, but we have also run tests with more restrictive values of 0.3 and 0.1. By reducing f , and therefore the time step, we find that the dynamics of the explosion does not change (e.g., second detonation occurs exactly at the same moment and location). The amount of 56 Ni is reduced by 13% when using f = 0.3. This is larger than the difference of 3% found by Kashyap et al. (2015) . Using a value of 0.1, the simulations becomes prohibitive with the timestep reduced by four orders of magnitude (a similar effect was seen by Hawley et al. 2012) . Our calculations do not include the burning limiter suggested by Kushnir et al. (2013) . This limiter guarantees that the burning time is longer than the sound crossing time of the grid cell and thus, in effect, an artificial numerical ignition does not occur. Comparing to the work of Hawley et al. (2012) , who have not used the burning limiter, Kushnir et al. (2013) have shown that the detonation ignition occurs prematurely in the context of WD-WD collisions. This effect will be tested in future work.
All calculations have been carried out in 2D cylindrical geometry, taking rotation into account (so-called "2.5D" approach). The computational domain is divided into blocks (16 in both s-and z-direction, where s is the cylindrical radius and z is the height), each containing [16 × 16] computational zones. Five levels of refinement were allowed, yielding an effective grid size of [4096 × 4096] or 2.7 km for a domain extending up to 1.1 × 10 9 cm. Lower and larger grid sizes are also used, between 1.0 − 1.5 × 10 9 cm, depending on the mass ratio between the donor and the accretor, q = M2/M1: lower/higher would produce a more/less extended remnant.
For the models where a detonation is ignited, we rerun the simulations with an extended computational domain of smax = zmax = 10 11 cm. This allows us to follow the nucleosynthesis processes until the ejecta reaches the homologous phase. For these runs, we have changed the grid parameters to nine levels of refinement and [32 × 32] computational zones/block in order to yield an effective grid resolution of 7.6 km.
Initial models
For our initial models, we use the WD-WD parameter space studies of Dan et al. (2012 Dan et al. ( , 2014 The 3D WD-WD merger remnants from Dan et al. (2014) are mapped onto a 2D axisymmetric cylindrical Eulerian mesh, with the averaging done over the azimuthal angle φ. The snapshots are taken at a time of three initial orbital periods after the moment when the donor is fully disrupted. At this stage the dynamical evolution is essentially over. The result of the mapping can be seen in Figure 1 for the 0.45 + 1.1 M system.
We run three sets of simulations:
(i) In a first set, we investigate whether the WD remnants could lead to detonations shortly after the restart of the simulations with FLASH, without any change of their properties (i.e., no perturbations). Runs are ordered by increasing donor's mass and by decreasing mass ratio q and labeled 1 through 9. The main properties of this set of runs are listed in Table A1 .
(ii) Through mapping, there is a loss of resolution because first, the SPH interpolation is required to get the values on the grid and second, an averaging is done over the azimuthal angle. This has an impact onto the thermal evolution of the remnant as the hotspots are smoothed out and chemical compositions change, especially inside chemically mixed regions. This motivates the second set of runs (initial conditions are presented in Table A2 ), where we manually setup hotspots based on different criteria guided by the 3D SPH simulations: C1 uses the ratio between the nuclear and dynamical timescales τnuc/τ dyn (T ) (effective timescales are computed as in Dan et al. 2012) ; C2 uses the maximum temperature over all particles Tmax, and C3 uses the maximum temperature over particles above a threshold density of 10 5 g cm −3 , Tmax(ρ 10 5 g cm −3 ), respectively. For CO mass-transferring systems besides criteria C1 and C2, we also use Tmax(ρ 10 6 g cm −3 ) (C4). For this set of runs, all SPH particles are searched to locate the one satisfying the condition specified by the selection criteria. Its position (sper, zper) and temperature (Tper) are used to setup the hotspot, see below for more details. Models are ordered in the same way as for the previous set, only that after the run number the search criteria (C1 − C4) was added. For example, run 4 (0.45+1.1 M ) using the results of the hotspot search criteria C1 was named "4.c1".
(iii) Finally, for the third set of tests (see Table A3 ), the hotspots are setup following the critical conditions for a spontaneous initiation of a detonation from the spatially resolved 1D calculations of Holcomb et al. (2013) . Density (left), temperature (center) and the helium mass fraction (right) after the mapping onto the 2D cylindrical grid for the merger remnant of an initial system with 0.45 + 1.1 M components. For this particular system, the three search criteria (C 1 − C 3 ) return a single hotspot, located in the first quadrant and represented with a circle of 500 km radius.
we assume that the systems have evolved to reach the conditions necessary for spontaneous detonations determined in the previously cited studies, as the spatial scales relevant for the initiation of the He or CO detonations cannot be resolved in our multidimensional simulations (He and C detonation length scales, at densities above ρ = 10 7 g cm −3 , are below 10 4 cm and 1 cm, respectively; Holcomb et al. 2013; Shen & Bildsten 2014 . This is what sets a direct detonation below a perturbation radius of about Rper = 1000 km (Holcomb et al. 2013; Shen & Moore 2014) . For the CO mass-transferring systems, we use Tper = 3 × 10 9 K at densities above ρ = 1 × 10 6 g cm −3 . Models are ordered in the same way as above, with the label "dd" (an abbreviation to indicate "direct detonation") added after the run number. Seitenzahl et al. (2009) explored the effect of different initial profiles for density, temperature and chemical composition on the spontaneous initiation of CO detonations and found that the different profiles change the hotspots critical sizes. For the runs with perturbations, we also test the impact of the hotspot temperature and composition profiles (see §2.3 and 2.2), and, because our calculations are in 2D cylindrical geometry, the impact of hotspot geometry (see §2.5). While we carefully choose where to place the hotspots and test the different setups, further explorations are required as several assumptions are made here. For example, it is not clear how the ignition of a detonation may depend on the time dependence of the hotspot formation. Our setups for the second and third set of tests is based on the main assumption that hotspots with properties (presented in Section 3) close to those leading to the core detonation develop during the WD merger remnants evolution. The second set of tests is based on a realistic approach, but we still have modified the hotspots temperature profiles, both, in extent and shape. For the third set, the assumptions were further relaxed, with hotter hotspots placed in denser regions of the envelope. Probably, such conditions could be realised only if the initial spin state of the WDs would be different. For example, it has been shown in Zhu et al. (2013); Dan et al. (2014) that starting with non-rotating initial stars the location of peak temperature is located in a denser environment compared to when starting with corotating stars, like in the present study. The effect of the initial conditions will be investigated in a future study.
Hotspot size
For the runs with perturbations (second and third sets) our strategy is to start with a relatively large perturbation radius inside the shell of Rper = 1000 km. Such initial large hotspots are unrealistic and are not seen in the SPH simulations of WD mergers and they are more characteristic to WD collisions (Rosswog et al. 2009a; Raskin et al. 2009; AznarSiguán et al. 2013; Kushnir et al. 2013; García-Senz et al. 2013; Papish & Perets 2015) . The SPH interaction radius of the particles inside the hot envelope is below ∼ 1000 km, decreasing with increasing density, towards the core where the hotspots are located. If a detonation is triggered into the underlying core, we repeat the simulations with a new hotspot radius Rper which is determined by the bisection root-finding method. We repeat this process until the core does not detonate anymore and the difference between the hotspot radius of a successful and failed run is below 15%. The minimum perturbation radius Rper at which the core detonates is included in Tables 2 and 3 . We note that the minimum value thus obtained is method-and ICs-dependent and can change with the star's spin and chemical composition, numerical resolution and the nuclear reaction network (see a detailed discussion of these factors in Section 3).
Hotspot temperature profile
The initial temperature profile from the SPH simulations can take different shapes. If not specified otherwise, the hotspots are setup with a flat temperature profile, i.e., constant temperature Tper inside the perturbation radius Rper. To test the dependence on the temperature profile, in addition to the flat temperature profile, we setup hotspots using 
as well as Gaussian
where r is the distance from the hotspot origin and T amb is the ambient temperature, chosen as the highest temperature in the neighbour cells, surrounding the hotspot.
Hotspot composition
The mixing of matter between the binary components causes the composition to be inhomogeneous mainly through the outer layers of the core, the hot envelope and the inner disk. It occurs mainly during the last phase of the merging process and it tends to increase with the mass ratio q = M don /Macc (Zhu et al. 2013; Dan et al. 2014) . Only two regions of the parameter study have both stars made of the same fuel: He-He and CO-CO. The other regions are made of a combination of He, CO and ONe. The third panel of Figure 1 shows the mass fraction of He for a 0.45 + 1.1 M system. For this system, the hotspot search criteria C1 returns a particle with mainly CO neighbour particles (i.e., particles contributing to the interpolation), but also ∼ 15% made of pure He. Similar to the hotspot temperature, discussed in the previous section, after the mapping onto the 2D grid some details about the mixing are lost and, in some cases, the fuel (He or CO) concentration is reduced to very low numbers. Specifically, for the models with 0.55 + 1 M and 0.6 + 1.1 M initial components, there is a lack of He fuel (X[ 4 He] < 0.1) inside the hot envelope at densities above ρ 6 × 10 4 g cm −3 and ρ 3.9 × 10 4 g cm −3 , respectively. For these two systems we have set the hotspot composition to pure He.
Hotspot geometry
In 2D cylindrical geometry, the hotspots are tori extending around the star. For the 0.45 + 0.6 M and 0.45 + 0.9 M systems we have also setup spherical hotspots, i.e., the perturbation was placed at the pole, i.e., where s = 0 (run 2.dd-Polar and 3.dd-Polar, respectively, see Table 3 ). Also for these two tests, we determine the minimum perturbation radius leading to a (core) detonation through bisection.
RESULTS

Models without perturbation
A summary of the outcome for this set of runs is presented in Table 1 . Only the 0.45 + 1.1 M system triggers a (He) shell detonation. Shocks propagate through the underlying (ONe) core, but the temperature is not hot enough to fuse oxygen. The nucleosynthetic yields for this run are shown in the fourth column of Table A4 , in the Appendix. The yields are low and the majority of burning products are in the form of intermediate-mass elements (IMEs; with the atomic mass number A ranging from 28 to 40), with very low yields of iron-group elements (IGEs; with A 44). Most of the He remains unburned (initial He mass of M ( 4 He) = 0.45 M ). This will be a very faint event, much fainter than a "point" Ia supernova (Shen et al. 2010) . The main reasons why the other systems containing He do not trigger a detonation without a perturbation is that the hot regions (i.e., envelope) in some of our merger remnants have typical densities of ρ ∼ 10 5 g cm −3 and detonations are not expected to be ignited at this density. Woosley & Kasen (2011) , assuming that the accreted material is made of 99%
4 He and 1% 14 N, have shown that He does not directly ignite a detonation below a density of ∼ 10 6 g cm −3 , unless the hotspot size is a significant fraction of the WD scale height. Holcomb et al. (2013) reached a similar conclusion assuming a pure He composition of the burning region. However, the envelopes in our models, containing initially a (hybrid) He mass-tranferring star and a (hybrid) CO accretor, are not made of pure He, but a mixture of He and CO. It has been shown that by adding a fraction of CO to the He hotspot, depending on the temperature, the hotspot size could be reduced by more than an order of magnitude (Shen & Moore 2014) . The hotspot size could be further reduced if instead of using the "aprox13" network, we would use a large reaction network in order to allow for the (p, γ)(α, p), with the proton playing a catalytic role near the beginning of the α-chain (Woosley & Kasen 2011; Shen & Moore 2014) . We defer a study of the effects of a larger network to future research.
For the CO systems, we have found that after the mapping onto the 2D grid, the systems have temperatures below the threshold for carbon-ignition. For those with a hybrid He+CO former donor (0.55 + 1 M and 0.6 + 1.1 M ) there is a lack of He fuel inside the hot envelope. While temperatures and densities are high inside the hot envelope (see Table A1 ), the He mass fraction is very low X( 4 He) < 0.1.
Models with perturbation based on SPH calculations guided criteria
A summary of the outcome for this set of runs is presented in Table 2 . With perturbations set based on the hotspot search criteria guided by the 3D SPH simulations presented in Section 2.1, again, only the 0.45+1.1 M system detonates (run 4.c1). For this system, the criteria C1 and C2 return the same hotspot, close to the orbital plane (s = 0.595 × 10 9 cm and z = 0.026 × 10 9 cm). The difference, compared to the model without perturbation, run 4, is that in this case also the (ONe) core detonates, see the upper panels of Figure 2 . As discussed in Section 2.2, we start with a relatively high perturbation radius and then decrease it through successive bisections, until the difference between hotspot radius of a succesful and a failed run is below 15%. For this case, the minimum perturbation radius at which the second detonation is triggered is Rper = 500 km. Above this value, the evolution is the same: triple alpha reactions quickly raise the temperature to ∼ 1.9 × 10 9 K so that a large overpressure is produced. A self-sustained detonation is formed, which wraps around the (ONe) core and converges inside the core close to the polar axis (due to the cylindrical symmetry of our Table 1 . Outcomes for the first set of runs, without perturbation: masses (M ) at the beginning of mass transfer, when the simulations are initialised in SPH; maximum temperature T max,8 (in units of 10 8 K) and density at the location of maximum temperature ρ 5 (T max,9 ) (in units of 10 5 g cm −3 ) during the entire evolution; t det.env,s and t det.core,s are the time (in units of s) after which a detonation is ignited in the envelope and in the core, respectively. models). At that point, the shock wave is sufficiently strong to cause a shock-initiated off-center core detonation. The ONe detonation occurs when a spherical region (z = 1950 km and r ≈ 0) of a (100 km) radius reaches a temperature of T ≈ 6 × 10 9 K at a density of ρ ≈ 4 × 10 7 g cm −3 . The robustness of the ONe core detonation is further discussed in Section 3.5.
For all He mass-transferring systems, we have run two extra sets of simulations with an increased density threshold of ρ 5 × 10 5 g cm −3 and ρ 1 × 10 6 g cm −3 , but without success. Above these thresholds the temperatures are either too low or there is no or very little He inside the hotspots. We also run tests using multiple hotspots for the systems returning different hotspots criteria: 0.45 + 0.9 M with two hotspots set according to the results of the search criteria C1 (C2 returns the same hotspot) and C3 and 0.95 + 1.15 M with two hotspots based on C1 and C2 (C4 returns the same hotspot). Also for these runs a detonation was not ignited.
The fifth column of Table A4 in the Appendix shows the nucleosynthetic yields for this run and the upper panels of Figure 3 show the final abundance distribution in velocity space. This model should resemble a "normal" SN Ia. The isotope yields are very similar to those of Moll & Woosley (2013) for the system with 0.81+0.96 M (see their Table 3 ) and with those of Pakmor et al. (2012) for their 0.9+1.1 M (see Section 3 in Pakmor et al. 2012) . However, our model leads to a different ejecta morphology compared with that of Pakmor et al. (2012) and Moll & Woosley (2013) . While they find IMEs and unburned oxygen at the center of the ejecta and 56 Ni above this region (see their Figure 9 ), our model leads to a SN Ia-like ejecta structure (Mazzali et al. 2007 ). Similar to Moll & Woosley (2013) , the ejecta in our model is asymmetric with a higher velocity along the polar regions compared to the equatorial ones. This should lead to orientation effects for both light-curves and spectra, see the detailed discussion of synthetic observables in Section 4 of Moll & Woosley (2013) . The reasons that the other systems fail to detonate are the same as presented above, for the runs without perturbation: the hotspots temperature and/or density are either too low or there is no or very little He inside the hotspots. Before we discuss the models in detail, we outline some of the general findings, characteristic to the majority of the models. In general, the second detonation happens either through a smooth transition from the envelope into the core (edge-lit detonation scenario) or a second detonation occurs after shock convergence into the core (off-center detonation scenario). However, not all systems undergo double detonations. For run 1.dd (0.45 + 0.45 M ), the hotspot is set inside the core. This setup system is very improbable, at least for the initial conditions (tidally locked stars) used in the calculations of Dan et al. (2012 Dan et al. ( , 2014 . Because the hot envelope has a low density (ρenv < 10 5 g cm −3 ), in order to trigger a detonation we have to setup a hotspot inside the cold core, in the equatorial plane, ≈ 5400 km above the core's center (1500 km below the location of Tmax). The evolution is very similar for runs 6.dd (0.6 + 0.6 M ) and 9.dd (1.05 + 1.05 M ). The perturbation does not lead to a shell detonation, but to a sub-sonic shock wave which reflects at the pole, at the core's edge and triggers a direct detonation there.
The lower panels of Figure 3 show the final nuclear mass fractions of 12 C, 16 O, 28 Si and 56 Ni in the velocity space for the 1.05 + 1.05 M system. While the outer ejecta (i.e., unburned matter) are more or less symmetrically propagating into the ambient medium, the IGEs have higher ejecta velocities in the polar direction. The most extended shock front (i.e., contact surface between the ejecta and the low-density ambient matter) is obtained for the most energetic explosions ( Figure 6 ). The interaction of the ejecta with the low density ambient gives rise to Rayleigh-Taylor hydrodynamic instabilities behind the shock front, when the denser layers penetrate the overlying lighter ambient environment.
Run 2.dd (0.45 + 0.6 M ), 3.dd (0.45 + 0.9 M ) and run 7.dd (0.6 + 1.1 M ) produce little 56 Ni, between 0.01 and 0.09 M , and they would be faint and lie outside the range of "normal" SNe Ia. Run 7.dd is the only model where a second detonation in the (ONe) core could not be triggered (maximum Rper = 1000 km).
For the 0.6 + 0.6 M system, the initial shock wave triggers a direct detonation at the core's edge (outer regions of the core are made from a mixture of CO and He). Very little 56 Ni is produced and will thus produce a very faint supernova, powered mainly by the decay of 48 Cr. Table 4 . Dependence on the temperature profiles. The comparison is done for the succesful detonating 0.45 + 1.1 M system, using a perturbation radius Rper of 1000 km and the conditions returned by the criteria C 1 . The ambient temperature corresponds to the maximum temperature on the grid cells surrounding the hotspot.
onation. Their model give rise to a dim fast evolving event (peak magnitude in B-band of -13.5) resembling the spectra of sub-luminous SNe, such as SN 1991bg.
Our best candidates to reproduce a "normal" SN Ia are the 0.45 + 1.1 M (run 4.c1, discussed above) and the 1.05 + 1.05 M (run 9.dd) systems. For the 1.05 + 1.05 M system, the isotope yields and the kinetic energy of the ejecta are very similar to those of Moll & Woosley (2013) for the system with 0.81 + 0.96 M . The difference in the IMEs mass is of less than 1% and in the IGEs of less than 10%, with their calculations leading to a larger amount of 56 Ni, (∼ 7% by mass). Our model leaves more unburned material (50% more C and 30% more O), as the total mass is larger in our case (2.1 vs 1.77 M in Moll & Woosley 2013 ). However, the ejecta morphology is very different from Moll & Woosley (2013) , where the detonation is triggered at the merger moment, when the secondary star has not been disrupted yet. The main difference is that in the model of Moll & Woosley (2013) the material located at the center of the supernova remnant is coming from the former secondary, relatively low density WD. While there is a high abundance of IMEs, no 56 Ni is being produced. In our model the ejecta has a SN Ia-like structure (Mazzali et al. 2007) , with IGEs (mainly 56 Ni) at the center surrounded by IMEs and unburned material in the outer parts of the ejecta. This nucleosynthesis of this model also compares well with the 0.9 + 1.1 M system from Pakmor et al. (2012) , just that, again, the ejecta morphology is different. Their model is more similar to Moll & Woosley (2013) , with the material of the former secondary WD dominating the central ejecta, and thus no IGEs in the core. The more massive 0.95 + 1.15 M system produces an abundance of 56 Ni (0.82 M ) and will most likely produce a bright SN Ia. As discussed in Moll & Woosley (2013) , due to the asymmetry of the ejecta, the brightness of this model will further be boosted in the direction where 56 Ni is closer to the observer and that could account for the apparent excess mass in the "super-Chandrasekhar" events. A detailed comparison of the nucleosynthetic yields from our models and those inferred from the observations is presented in Section 3.5.
Hotspot geometry and composition
For two systems, with 0.45 + 0.6 M and 0.45 + 0.9 M components, we have placed the hotspot at the pole. With this setup, the hotspot has a spherical shape compared to the torus geometry (by virtue of the cylindrical symmetry) of the other models.
For the 0.45 + 0.6 M , run 2.dd-Polar in Table 3 , He detonates soon after the start of the simulation (t = 0.13 s) and there is a smooth transition to an edge-lit CO core detonation at t ≈ 0.19 s. The reduced perturbation radius translates into a reduced perturbation energy required to trigger a second detonation in the core by almost four orders of magnitude. This could be explained by the more favorable composition compared to run 2.dd. At the location of the hotspot, the envelope is not made of pure He, but a mixture between He (X[ For the 0.45 + 0.9 M system, run 3.dd-Polar in Table  3 , while the perturbation radius has to be larger to triggere a second detonation in the core compared to run 3.dd, the deposited energy is almost the same (5.7 and 1.6 × 10 46 for 3.dd and 3.dd-Polar, respectively). A He-detonation is triggered after 0.17 s in the upper part of the hotspot, where there is more He (X[
4 He] ∼ 0.7). It propagates around the core and it reflects at the z = 0 symmetry axis after 1.23 s. Shock waves from the He detonation trigger a second detonation but only after 2.7 s, at the symmetry axis s = 0 and z ≈ 1200 km above the core's center.
The dependence on the temperature profiles of the hotspot has also been tested. The results of the different setups using a flat, linear and Gaussian profiles are shown in Table 4 . The different profiles models follow the same setup as run 4.c1 (see Table A2 in the Appendix), only that here we do not determine the minimum size Rper of the hotspot, but run a single test for each profile using Rper = 1000 km. The "top-hat" profile (run 4.c1-TH) more readily leads to a detonation, shortly (< 0.1 s) after the simulation are started, the Gaussian profile (run 4.c1-Gaussian) takes longer to initiate the envelope detonation and subsequently the core detonation, while for the linear profile (run 4.c1-Linear), a detonation is triggered only in the envelope and only after a delay of 1.3 s. The difference in the evolution of the three models is caused by the density profiles inside the hotspots. As the density increases from the center of the hotspot in the direction towards the core, only the "top-hat" and Gaussian profiles have a high enough temperature at a high enough density so that the detonation can quickly emerge. Table A4 lists the nucleosynthetic yields of all successfully detonating models. Also shown in Table A4 , are the final kinetic energies and the sum of the masses of IMEs and IGEs. Using these and the ejecta composition structure in velocity space, we constrain our models with a set of observations presented below. We are using the upper limits placed on the Lopez et al. (2015) , using NuSTAR observations of Tycho's remnant, have found an upper limit between 0.47 and 4.1 × 10 −4 M , increasing with the distance to the remnant. We have also estimated an upper limit for 44 Ti in G1.9+1.3, the most recent supernova (most likely a Type Ia Borkowski et al. 2010; Yamaguchi et al. 2014) in the Milky Way. We used the distance inferred by Reynolds et al. (2008) based on an analysis of the absorption toward G1.9+0.3, but lower and higher values are possible (e.g., Roy & Pal 2014) . We use the formula presented in Lopez et al. (2015) to convert flux in the 68 keV to a 44 Ti mass, where the flux was determined from Figure 6 of Zoglauer et al. (2015) using a line-width of 1.4 × 10 4 km s −1 (or 3 keV at 68 keV) (Reynolds et al. 2008 ) and a distance of 8.5 kpc.
Nucleosynthetic yields
In the right panel of Figure 4 , we plot the 56 Ni mass vs 44 Ti mass for all detonating models together with the upper limits from the observations for the 44 Ti mass. Only five models, located in Figure 4 at the left side with respect to the vertical lines, meet the constraint on M ( 44 Ti): the two CO mass-transferring systems and the models involving an initial 0.45 donor and a 0.9 and 1.1 M accretor.
A key constraint on the physical conditions in the SN Ia explosion is the 56 Ni mass. The SNe Ia have a large range of luminosities as determined mostly by the amount of 56 Ni that is synthesised in the explosion. The 56 Ni mass can be determined directly from the observations assuming that it largely determines the peak bolometric luminosity (Arnett 1982) and has a key role in understanding the peak luminosity decline-rate relation (Phillips 1993) . By modelling the late-time nebular spectra of SNe Ia, Stritzinger et al. (2006) have accurately measured the 56 Ni mass for a set of 17 SNe Ia, ranging from the sub-luminous SN1991bg and up to the bright SN1991T, and found values between 0.08 and 0.94 M . Piro et al. (2014) , using the volume-limited sample of 74 SNe Ia from the Lick Observatory Supernova Search (LOSS; Li et al. 2011) , found a very similar 56 Ni range. The two closest SN Ia in decades, SN 2011fe (Nugent et al. 2011 ) and SN2014J (Fossey et al. 2014) , are also within this range with values varying, depending on the method used to estimate them. For the SN2011fe, a M ( 56 Ni) = 0.47 M was derived from the nebular spectra (Mazzali et al. 2015 ) and a M ( 56 Ni) = 0.53 ± 0.11 M from the bolometric luminosity (Pereira et al. 2013) . For SN 2014J, M ( 56 Ni) = 0.62 ± 0.13 M from the gamma-ray lines associated with 56 Co decay and from the bolometric light curve M ( 56 Ni) within a range of 0.57 ± 0.2 M as a function of the local extinction due to the ambient matter (Churazov et al. 2014) .
Five models produce M ( 56 Ni) between the observational limits for SNe Ia, as shown in the right panel of Figure  4 ). While run 3.dd (0.45 + 0.9 M ) will probably produce a sub-luminous SN Ia the other four runs produce a 56 Ni mass typical for a "normal" SN Ia.
Another constraint on the detonating models comes from the mass of the IMEs of 28 Si and 40 Ca. In a series of papers, using the code developed by Mazzali and collaborators, the abundance stratification of five SN remnants are approximated from a series of late (nebular) spectra assuming an initial density profile (from W7 and/or a delayed detonation model). Values for the 28 Si and 40 Ca masses are generally not given in these works, but they can be extracted from the "mass fractions vs. enclosed mass" figures provided, see Table 5 . The values obtained for SN 2002bo, initially by Stehle et al. (2005) , have been updated by Blondin et al. (2015) with a more accurate model, using non-local thermodynamic equilibrium time-dependent radiative-transfer simulations of a Chandrasekhar-mass delayed-detonation model and we use their values to constrain the models. The M ( 28 Si) range from 0.14 M for SN 1991T (a peculiar, luminous SN Ia; Sasdelli et al. 2014 ) up to 0.31 M for SN 2011fe (a "normal" SN Ia; Mazzali et al. (2015) ) and M ( 40 Ca) from 8.3 × 10 −4 M for SN 2011fe up to 0.045 M for SN 2002bo (a "normal" SN Ia; Blondin et al. 2015) In between these ranges are the SN 2003du, a normal SN Ia (Tanaka et al. 2011) and SN 2004eo, a SN Ia with a luminosity between normal and sub-luminous SNe Ia (Mazzali et al. 2008 ). In total, four models do no fit the M ( 28 Si) and M ( 40 Ca) range from the observations: single detonating models, run 4 and 7dd, the double He WD system 1.dd which is producing too little Si and 2.dd with slightly too much Ca (see Table A4 ).
Si II λ 6355 and Ca II H&K are two strong features in SN Ia spectra. The expansion velocity of the two features are similar and decrease with time as the ejecta is expanding and deeper layers of the ejecta are revealed in the spectra. Foley et al. (2011) have estimated the line velocities of Si II λ 6355 and Ca II 3945(H&K) near maximum brightness and we use their data for 91 SNe Ia to further constrain the detonating models. The SN 2014J and SN 2011fe are also falling within the 2σ range in the sample of Foley et al. (2011) , with vSi II = 11.9×10 3 km s −1 and vCa II = 14.1×10 3 km s −1 for SN 2014J (Marion et al. 2015) and vSi II = 10.4 × 10 3 km s −1 for SN 2011fe (no Ca-velocity value given; (Foley & Kirshner 2013) . Figure 5 shows the 28 Si and 40 Ca yields in velocity space obtained for our detonating models together with the 1− and 2 − σ lines from the mean of the observed Si and Ca velocities. While the Si II λ 6355 velocity near maximum brightness does not vary significantly amongst the observed SNe Ia (within ±2σ from the mean, v Si,Obs. is in between 8.9 and 14.3×10 3 km/s), Ca II H&K velocity varies significantly (between 8.3 and 20.7 × 10 3 km/s, again, within the 2σ from the mean).
The mass-weighted mean velocities of Si and Ca of our detonating models (see Table A4 ) lie close to the lower end of the velocity distribution of the two features, with only 1.dd (both Si and Ca), 2.dd and 6.dd (only Ca) within 2σ of the observations. However, the (ionised) mass required to produce a line in the spectra is very low, with values of ∼ 10 −6 M for Ca II and ∼ 10 −8 M for Si II, as computed from Branch et al. (2005) using the data provided in their Table 1 for the optical depths and photosphere velocities corresponding to ten days after the maximum light and an ion population fraction at the lower level of transition of 0.05 (a higher number will further decrease the ion mass required to produce a line). These values can not be used to further constrain the models, as our models produce a total Si and Ca mass calculated between the velocity range of "normal" SNe Ia (i.e., range betweenv Si,Obs ± 2σ andv Ca,Obs ± 2σ, see Figure 5 ) between 1.3 × 10 −5 and 4.5 × 10 −2 M of Ca and between 9.3×10 −4 and 0.15 M of Si. If we exclude run 7.dd (single detonating system, with 0.6 + 1.1 M components), the lower limit for Ca mass increases to 2.4 × 10 −4 M .
Initial conditions
Some models trigger the core detonation only when starting with unrealistic ICs. The model 1.dd (0.45+0.45 M ) has to be started with a hotspot inside the core in order to trigger its detonation. This is unrealistic, because, at least when starting with tidally locked WDs, the core is always colder than the surrounding region (envelope), even for equal-mass systems (Dan et al. 2014) . Initial conditions for the 5.dd (0.55 + 1 M ) and 7.dd (0.6 + 1.1 M ) models are also not realistic. For these models, there is very little He (X( 4 He) < 0.1) in the hot envelope and, in order to trigger a detonation, the composition inside the hotspot was artificially set to pure He. In some cases, the energy deposition inside the hotspot required to trigger the core detonation is over a large volume and relatively high. We label the models 1.dd (0.45 + 0.45 M ), 2.dd (0.45 + 0.6 M ) and 8.dd (0.95 + 1.15 M ) as unrealistic, as the energy deposition is within an order of magnitude of the binding energy of the core.
Constraints on models
We compile Table 6 with all the constraints imposed by the nucleosynthetic yields and initial conditions presented above. By strict application of the criteria only three models survive: run 3.dd, an 0.45 He with a 0.9 M CO WD, 4.c1, an 0.45 He with a 1.1 M ONe WD and 9.dd, two 1.05 M CO WDs.
For the 4.c1 run, a detonation is ignited in the 1.1 M ONe core. While the total mass of the remnant is above the Chandrasekhar limit, the region between the core and the disk was shock-heated in the merger and is thermally supported and the (nearly Keplerian) disk is rotationally supported. While the central density of the ONe core (initially ρmax = 3.7 × 10 7 g cm −3 ) is increasing as shocks propagate through the core, it never exceeds 10 8 g cm −3 . Thus, the collapse to a neutron star can not proceed as the density threshold of the electron captures on the 24 Mg is above 4 × 10 9 g cm −3 (in our models 24 Mg is distributed uniformly throughout the core and represents 5% by mass) and for 20 Ne is even higher, at above 9 × 10 9 g cm −3 (Miyaji et al. 1980; Saio & Nomoto 1985) . For the 4.c1 model, the shock waves from the initial He detonation converge inside the Table 6 . Constraints on the models from the observations of 44 Ti mass in the remnants of Tycho (Lopez et al. 2015) and G1.9+0.3 (Zoglauer et al. 2015) , v Si and v Ca of "normal" SN Ia sample from Foley et al. (2011) , mass of 56 Ni of SN Ia ranging from the subluminous SN1991bg up to the bright SN1991T and from how realistic are the initial conditions of each model. a) hotspot placed artificially inside the (cold) dense core and not within the hot envelope which has a low density; b) 0.45 + 0.45 M , 0.45 + 0.6 M and 0.95 + 1.15 M have a large, unrealistic initial perturbation; c) because the 0.55 + 1 M and 0.6 + 1.1 M models have very little He inside the hot envelope, the composition inside the hotspot is artificially set to pure He.
core and raise the temperature to T ≈ 6 × 10 9 K at a density of ρ ≈ 4 × 10 7 g cm −3 over a radius of (100 km) located at the pole (r ≈ 0 km). This triggers a second detonation into the core. Sufficient energy is released in the nuclear burning (9.427 × 10 50 erg) to unbind the ONe core (binding energy of 3.879 × 10 50 erg). However, the ONe detonations are not yet proven to work as there are no calculations of resolved ONe detonation structures (weaker shocks could yield a detonation in unresolved simulations compared to resolved ones), with the recent study of Shen & Bildsten (2014) arguing against this possibility due to the increased detonation length-and shock-strength required to trigger a detonation.
Recently, Marquardt et al. (2015) have studied the detonations of massive, ONe WDs under the assumptions that they ignite at the center of the star. Compared to our models, they start with larger masses, between 1.18 and 1.23 M , and they are not the remnants of a merger process, but "naked", hydrostatic WDs. Their synthetic light curves do not match the observations of a "normal" SN Ia, owing to their large 56 Ni masses, but show better agreement with the "over-luminous" SN 1991T. Inversely, due to the strong SI II and Ca II absorption lines shown in the models, the spectra show better agreement with those of "normal" SN Ia than with those of SN 1991T. While we can not compare directly to their calculations, we point out that it is encouraging to note that in our 4.c1 model there is less 56 Ni produced, within the range of SNe Ia.
There are strong orientation effects for most of the models as the nuclear burning products are moving faster in the polar direction (Figure 6 and 7) . The asymmetries are caused by the location where the detonation is triggered in the envelope/core, the slowing of the ejecta by the surrounding disk, concentrated in the equatorial plane and by the rotation. The light curves resulting from these models would likely show a non-negligible sensitivity to line-of-sight effects (see a detailed discussion on the line-of-sight effects for asymmetric ejecta in Moll & Woosley 2013) .
SUMMARY
We have studied 2D detonation models of WD-WD merger remnants using the Eulerian AMR code FLASH. Our initial conditions here are based on the remnant structures from . Density structure of all remnants. The energetics of the ejecta is imprinted in the extension of the shock front at the contact surface between the ejecta and the low-density ambient matter. This is why we had to take the final snapshots after t = 39 s from the beginning of the simulations, when for the runs with largest kinetic energy the ejecta reach the grid boundaries at 10 11 km. For the models shown here a core detonation occurs for all but the 0.6 + 1.1 M system. The ejecta of the explosion has to propagate through an environment spanning a wide range of densities: from the dense, nearly Keplerian-rotating disk to the low density of the ambient. This is naturally resulting in an asymmetric shock front, more extended towards the pole and in developing Rayleigh-Taylor hydrodynamic instabilities behind the shock front, when the denser layers penetrate the overlying lighter ambient environment.
our earlier 3D SPH simulations (Dan et al. 2014) . In total we consider nine systems that cover the entire range of WD masses and compositions. For each of these systems, we modeled the initiation and propagation of detonations and followed the nucleosynthesis processes until the ejecta reached the homologous phase.
After the restart of the simulations with FLASH only the 0.45 + 1.1 M model (run 4) triggered a detonation in the hot envelope, but it did not lead to a second detonation in the underlying core. The envelope detonation produced almost no 56 Ni and very little other radioactive elements. Note, however, the results for this set of runs should be regarded as lower limits. There are two main reasons that these models do not detonate. First, the 3D SPH calculations were done at a moderate resolution and, in reality, mergers will produce remnants that are more prone to explosion than our finite resolution results. Secondly, there is a loss of resolution after the mapping onto the grid. This has an impact onto the thermal evolution of the remnant as the hotspots in the hot envelope surrounding the relatively cold core are smoothed out. Chemical compositions are also deteriorated by the mapping process, especially inside chemically mixed regions. This motivated two more sets of runs, with different setups for the initiation of a detonation being tested. In one set of models, we manually setup hotspots in the remnant's envelopes based on the realistic conditions Figure 7 . 56 Ni mass fraction distribution (scaled with sρ; in logarithmic scale; units are the same as in Figure 3 ) of all remnants. Similar to the density structure of the remnants ( Figure 6 ) the snapshots were taken after t = 39 s from the beginning of the simulations and the boundary of the domain is at 10 11 km. As seen in the density structure, the asymmetric shock front causes a more extended 56 Ni distribution towards the pole.
found in the 3D SPH simulations. In another set of models, the hotspots were setup based on the conditions for direct detonation initiation taken from the results of spatially resolved 1D calculations from the literature. It is in this later set of models that all systems trigger a detonation, whether it is only an envelope detonation or the core is ignited as well.
With perturbations based on the several SPH criteria, again only the 0.45+1.1 M system detonates, but this time the envelope detonation is strong enough so that a second detonation occurs in the ONe core. The model which leads to a double detonation, run 4.c1, starts with a hotspot at the location where the ratio τnuc/τ dyn (T ) is minimum. The hotspot's temperature is the same with the temperature of the SPH particle with minimum ratio.
With perturbations following the critical conditions for a direct initiation of a detonation from the spatially resolved 1D calculations, all systems detonate. Three possible outcomes were found: a detonation is triggered in the envelope but a second detonation in the core is avoided (run 7.dd); a detonation is not ignited in the envelope but the shock waves from the initial perturbation converge inside the core and trigger a detonation there (run 6.dd and runs with CO mass transferring systems, 8.dd and 9.dd); for the other models a detonations occur, both, in the He shell and the CO/ONe core. However, in some cases the initial conditions are unrealistic and we reject these models as viable SNe Ia progenitor candidates.
The nucleosynthetic yields of the successfully detonating models have been compared with the observations of SNe Ia and their subsequent constraints have been applied to the WD-WD merger scenario. Only three models survive all constraints and potentially lead to a SN Ia event: 0.45 M He and 0.9 M CO WD that produces little 56 Ni and could possibly result in a sub-luminous, SN 1991bg-like event and two good candidates for reproducing common SNe Ia, 0.45 M He with a 1.1 M ONe WD and a double CO WD system with two 1.05 M components. The last two models have in common a former accretor with a mass M > 1 M , while the last model has a total mass well above the Chandrasekhar limit. There is observational evidence that such massive WDs exist and they form a mass excess in the mass distribution (e.g., Liebert et al. 2005; Ferrario et al. 2005) . Population synthesis calculations of Fryer et al. (2010) also predict that over one third of the systems with a total mass above the Chandrasekhar mass limit have Mtot 1.8 M . However, they do not dominate the current SN Ia sample being less common than systems with a combined mass near the Chandrasekhar limit (Toonen et al. 2012) , such as the 0.45+0.9 M system. Our results confirm that WD-WD mergers can show reasonable agreement with the observed nucleosynthesis of SNe Ia and a variety of outcomes are possible, covering essentially the entire range of observed supernovae that are associated with thermonuclear explosions.
Initial conditions
We run three sets of simulations, with and without a temperature perturbation. Table A1 shows the initial conditions for the first set of runs, without temperature perturbations. The initial conditions for the second set of runs, where temperature perturbations are set based on different criteria guided by the 3D SPH simulations, are given in Table  A2 . For the third set of runs, the temperature perturbations are setup following the critical conditions for a spontaneous initiation of a detonation from the spatially resolved 1D calculations of Holcomb et al. (2013) and Shen & Moore (2014) for He composition and Röpke et al. (2007) and Seitenzahl et al. (2009) for CO and the initial conditions are given in Table A3 .
Runs are ordered by increasing donor's mass and by decreasing mass ratio q and labeled 1 through 9. For the second Table A2 . Initial conditions for the second set of runs, with perturbations based on different criteria guided by the 3D SPH simulations. s per,9 and z per,9 are the coordinates on the s-and z-axis where the hotspot's center is placed, respectively, T per,8 is the perturbation temperature (in units of 10 8 K) and ρ 5 (Tper) is the density at the location of the perturbation (in units of 10 5 g cm −3 ). The hotspot criteria labelling is explained in Section 2.1.
and third set of runs, we have added to the run number the hotspot search criteria and a ".dd", respectively.
Nucleosynthetic yields
The nucleosynthetic yields and kinetic energies for all the models that detonated. Run 4 is the only run without a perturbation where a single, He-detonation is triggered, while for run 4.c1/c2, with a perturbation of Rper = 500 km at the location where the ratio τnuc/τ dyn (T ) is minimum in the SPH calculations, a double detonation is triggered. Runs labelled with "dd" after the number are those where the hotspots are setup following the critical conditions for a direct initiation of a detonation from the spatially resolved 1D calculations. For this set of runs, for all models but 7.dd a detonation is triggered in the core. Table A3 . Initial conditions for the third set of runs, using the critical conditions for a spontaneous initiation of a detonation from the spatially resolved 1D calculations of Holcomb et al. (2013) and Shen & Moore (2014) for He composition and Röpke et al. (2007) and Seitenzahl et al. (2009) for CO. Same quantities as in Table A2 , only labelling has been changed, with "dd" added after the run number. 11.5 9.9 4.9 1.5 7.5 7.6 8.4 6.8 7.6 6.8 Table A4 . Isotope yields (by mass, in units of M ), kinetic energies (in units of erg) and the Si and Ca mass-weighted velocities (in units of 10 3 km/s) for all runs where detonations are triggered. Below the run numbers are the initial masses (in M ) of the two stars. The floating-point numbers are expressed in the form significand followed in the brackets by the exponent of the base 10.
